The Tina Menor estuary is a highly confined incised valley with advanced sedimentary infilling. The outstanding feature of this estuary is its longitudinal zonation, which forms four segments from the outer to the inner limit: Mouth complex, Bay, Tidal flats and Upper channel. The innermost part of the Bay and the Tidal Flats (semi-reclaimed areas) are broader estuarine zones, whereas the Mouth Complex and outermost Bay are confined by narrow rocky outcrops. This paper explains the dynamics and sedimentary distribution of a highly confined and singular estuary, detailing the fluvial-tidal controls on the variations in water mixing (QF/QT). This estuary is largely of salt wedge type and the dynamics are characterised by recording currents (speed and direction) in the water column during a tidal cycle in a spring tide; this process consists of the tidal waves propagation and their dissipation upstream hypo-synchronously and the mixing of fresh and saline waters.
Introduction
The northern coast of Spain (Bay of Biscay) is 605 km long, trending W-E and includes more than 50 estuaries that greatly vary in size and degree of sedimentary infilling (Bruschi et al., 2013) . All of them are characterized by an important control of the hard rock substrate (rock-bounded estuaries) and a typical morphology of wave-dominated estuaries in a partial state of infilling.
Tina Menor is one of the largest estuaries of this coast, displaying a diverse range of sedimentary sub-environments and facies, similar to other mesotidal estuaries all over the world. However, in this case, certain estuarine features typical of wave dominated estuaries, such as closure barriers or wider salt marshes, are absent.
The morphology of this estuary was previously described by Fontan (2001) and similar estuaries in the Cantabrian coast have been studied to characterize their general features and dynamics (Flor and Camblor, 1990; Flor et al., 1992; Flor et al., 1996; Uriarte et al., 2004; Flor et al., 2015) . Other rock bounded estuaries have been described in the northwest of Iberian Península (Evans and Prego, 2003; Naughton et al., 2007) , France (e.g. Menier, 2006; Chaumillon et al 2008; Sorrel et al., 2010; Tessier, 2012) , United Kingdom and Ireland (Burningham and Cooper, 2004; Cooper, 2006) and South Africa (Cooper, 2001) .
This paper aims to characterize the propagation upstream (tidal and saline waves) until its dissipation in the estuarine head. The fieldwork was designed to develop a scheme of currents throughout the water column along a tidal cycle. This scheme is linked with the sedimentary patterns of surficial deposits, paying great emphasis on the distribution of sand and gravel fractions, so as the geomorphological zonation of morpho-sedimentary and dynamic units. In this paper, the aforementioned themes are studied, enabling a better understanding of the Tina Menor estuary and including the synthesis of the dynamic and sedimentary processes through the elaboration of a simplified model. This conceptual model accounts for the marine and continental influences throughout the estuary. This link between tidal dynamics, fluvial input and sediment distribution could be a good example to compare with other similar estuaries.
Location and General Setting
The study area is located on the western coast of Cantabria in Spain (Fig. 1) within the central-eastern area of the Bay of Biscay (NW Iberian Peninsula). This stretch of coast has steep cliffs with slopes up to 65 m high, that are interrupted by Tina Menor and Tina Mayor (which is located 3.45 km W) estuaries, both with narrow rocky mouths. The littoral belt has been sculpted in Carboniferous limestone, but to the south, a coastal range has formed in a quartzitic formation (Ordovician Armorican Quartzite-Barrios Formation). Tina Menor estuary is confined by these Palaeozoic formations, culminating in flattened surfaces containing two erosive continental plains belonging to the erosional surfaces (rasas), II (previous coastal altitude of 220 m) and III (185 m), according to Flor and Flor-Blanco (2014) . The estuary is represented by a fluvial valley that is almost completely infilled by sediments. Main surficial sediments are siliceous sands and muds, whereas the pebbles and gravels constitute a significant sedimentary fraction of the beaches in the inner estuary. Bedload transport of sand along the estuary is generally controlled by the local dominance of ebb or flood currents (Dronkers, 1986) . The tidal action is normally reflected in the abundant subaerial bedforms.
The inner estuarine limit is near 4.80 km from the mouth, considering the inner limit of the tide propagation during spring high tides (with south low fluvial runoff). The system is affected by mesotidal semidiurnal tides and drained by the Nansa River, which supplies quartzite and sandstone gravel fractions and also provides siliciclastic sands and suspended mud particles. Similarly to other Cantabrian estuaries , the scarce bioclastic sand content is attributed to a rework of relict sediments from the coastal submerged prism and others originate from the inner part of this estuary (Pascual et al., 2009) . The gravels are normally deposited in the bay head delta, whereas sand fractions occupy central and outer estuarine areas (Bay and Mouth complex zones) and the muds are stabilised in the Tidal flats, as well as in the broad reclaimed eastern area.
The most defining feature of this estuary is a confined mouth by narrow rocky outcrops. The closure system also develops a small sand barrier that is submerged during high tides. A particularity of this estuary is the presence of a broad inner barrier, permanently emerged and anchored on the eastern side. This barrier displays a relatively exposed estuarine beach, with an aeolian field. The geometry of the valley slopes in the outer estuarine section exerts a morphological control over the location of the main channel, sand flats and inner barrier, inducing a dynamic and a singular sedimentary distribution in the estuarine bay. Similarly to the situation in New England (USA), the structural controls strongly affect the geometry of the drainage systems, as well as the position and morphology of the estuary mouth (Fitzgerald, 2000) . These geological controls are important during the evolution of estuarine systems in the accommodation space for interand supratidal sedimentary bodies as in other atlantic estuaries (Burningham and Cooper, 2004; Burningham, 2008) .
Material and Methods
The representative morpho-sedimentary and dynamic units were mapped using a 1:5,000 (2010) scale and the ortophotographs from 2007 and 2010, in addition to 1:5,000 topographic charts from 2001 (Cartographic Service of Cantabria) and a 1:5,000 Cantabrian DEM (2010), with a resolution of 5 m.
Data concerning fluvial discharges from the Nansa River were obtained from the Comisaría de Aguas del norte de España (Ministerio de Fomento) and a hydroelectric company that operates a series of dams upstream (Saltos del nansa). The data were used to calculate the volume of freshwater that is introduced into the estuary during the low regime and flood runoff stages of a tidal cycle. Furthermore, the saltwater inflow volumes during the neap and spring tides (1.0 and 4.5 m range and maximum range, respectively) were calculated using profile measurements throughout the estuary for a complete tidal cycle (Fig. 2) . Based in Pritchard (1955) and Cameron and Pritchard (1963) , three end possibilities for the mixed waters were estimated after applying the modified flow ratio limit developed by Simmons (1955) . In this paper, the numerical limits of the flow ratio are modified: 0.01-0.10 (vertically homogeneous), 0.10-1.0 (partially mixed) and >1.0 (highly stratified).
The tidal levels were recorded using direct measurements obtained with a tide staff divided vertically into centimetre intervals. Four stations in the main channel were selected from the mouth to the inner estuary, and the data were ac- quired every 10 minutes throughout a nearly full tidal cycle during a spring tide with medium-high fluvial runoff. The saline and mechanical tide propagation measurements were recorded during low fluvial discharge and spring tides (Fig.  2 ). In addition, these time-height curves were compared to theoretical tides in open sea (station one) and deduced from the tide table (2011 forecast data) for Gijón harbour (located approximately 100 km to the W).
To interpret the sedimentary dynamics along a spring tidal cycle, the circulation scheme was obtained by recording the current velocity and direction, as well as the saline distributions through the entire water column at 0.5 m depth intervals up to a maximum depth of 4.50 m. A boat equipped with two different current meters, General Oceanic, Inc. Model 2031H and Global Water 800-876-1172 Model FP101 and a handheld multiparameter instrument (Ysi Mod556 MPS) were used along seven transverse profiles (Fig. 2) , separated by 300-500 m relative to the axis of the estuarine channel. Three recording stations were established in each profile with one on both sides and one in the centre, were numbered 1, 2, and 3 in the western, central and eastern parts of the main channel, respectively. If a section was wider (profiles II, III, and IV), additional points were taken into account (1 to 5).
Wave data were also analised to have an approach to the wave influence on the outer part of the estuary. These data were obtained from the WANA point 1062074 (Puertos del Estado), for the period 2000 to 2012.
In addition, several representative surface samples (71) were taken on the surface or in submerged areas with a Petersen dredge mounted on a boat. The samples were analised to obtain the grain-size distribution (textural parameters) and biogenic carbonate content to correlate with the sediment transport. The textural parameters were obtained using the Folk and Ward (1957) method and the software GRADI-STAT (Blott and Pye, 2001) .
To complete the sedimentological information, the intertidal bedforms were directly measured during low tide periods. Subtidal bedforms were also measured using a monobeam echo-sound with a frequency of 210 kHz.
All data and information were subsequently processed in a GIS (ArcGIS, ESRI Inc.), and the maps and figures were generated using that software and other graphic editing programs.
Results

Environments: Morphology and Sedimentology
The estuary is divided longitudinally into the following four areas (Flor, 1995) , distributed from the mouth to the inner estuarine limit ( Fig. 1) : Mouth complex, Bay, Tidal flats and Upper channel. This distribution is also found in most of the Cantabrian and Galician estuaries (Flor-Blanco and Flor, 2012) and can be considered as the typical zonation of a mesotidal estuary in a partial state of infilling according with the criteria of Roy (1984) . Each zone is constituted by several environments or morpho-sedimentary units (Fig. 3) .
Mouth complex (marine estuary)
The rocky outcrops confine the mouth to a minimum of 75 m wide and 400 m long area and only allow the formation of a small sand barrier. This barrier is poorly developed and is anchored on the eastern side. The barrier only consists of an exposed sand beach oriented along a NE-SW direction, which has a narrow and relatively steep talus in the upper belt and, at low tide, directly connects with the inner flood ramp (Figs. 4A and B) . This sediment consist of well-sorted fine sand with 2.45 phi mean (Wentworth, 1922; Folk and Ward, 1955) . The percentage of carbonate is higher in the channel than at the beach (Table 1) . On the surface of the exposed beach symmetrical straight-crested (2D) ripples are developed (Table 2) .
According with the eastern position of the barrier, the inlet is directly connected to the main channel on the western side of the mouth. In the middle inlet, an oval depression is scoured about 7 m under low spring tidal level. During normal ebb currents most of the tidal energy is dissipated across the closure. In exceptional events, during high discharge events in the Nansa River, the inlet migrates to the eastern side and remains in that position for several months.
The inner sector forms an arc convex toward the W due to an adaptation of the confining barrier (Fig. 3) . The sand banks located outside the mouth are episodically reworked (and even disrupted) during extreme fluvial discharge events (González et al., 2004; Dias et al., 2004) , forming a sediment dispersal river-plume that is pushed eastward by the drift current.
Bay (outer central basin)
Two areas can be differentiated: the northern area follows a NW-SE direction and contains larger bed structures, specifically flood tidal deltas and the spill-over lobes (Figs. 3 and 4A) ; the southern section is much more extensive, containing various morpho-sedimentary and dynamic units (main estuarine channel, sand flats, tidal creeks and estuarine beach) (Figs. 3 and 4E) . Across the entire Bay, the sediment is wellsorted fine sand, with carbonate contents between 5.60 and 13.75% (Table 1) , except in the estuarine beach (eastern part), which is composed of gravels and pebbles coming directly from the cliff.
In the central and eastern belt of the outer area of the Bay (Fig. 3) , a large tidal flood-delta is generated in a western position, whereas another minor ebb spill-over lobe downstreamoriented is found on the opposite side. This flood-tidal delta is elongated and has acquired an asymmetric geometry as an incipient barrier. On the western side, both flood and ebb-oriented sand waves (medium 2D dunes) are present ( Table 2) .
Upstream of the rocky confined area, the western margin of the main channel continues to be covered by quartzitic coarse talus debris. On isolated occasions, this phenomenon itself manifests as a broad asymmetric spill-over lobe with numerous superimposed bedforms (Table 2) . However, it has developed an internal wide flood-tidal delta where around the flood ramp flood-oriented megaripple fields (medium 3D dunes) are developed, as well as numerous superimposed linguoid, lunate and straight ripples (Table 2 ; Fig. 4C , E).
The sand flats are the broader unit in the Bay and can be subdivided into two belts relative to the main channel: proximal and distal flats (Fig. 3) . The proximal flats, which are a more energetic environment, host the best represented bedforms as medium dunes 2D and 3D and scours ( Table 2) . The distal flats, slightly depressed, allow for the outgoing ebb to flow along this margin (Fig. 4B) , normally, these distal flats displays an extensive plane bed. Moreover, estuarine beaches are present only on the inner eastern side and are mostly composed of very fine sand, as well as gravel reworked directly from the cliffs. 
SECTOR ENVIRONMENT BEDFORMS DIMENSIONS (m)
Mouth complex Table 1 . Averaged granulometric parameters of the estuarine morpho-sedimentary units. Table 2 . Shape and dimensions of bedforms described on the different estuarine morpho-sedimentary units.
Tidal flats (inner central basin)
This area is the broadest estuarine zone, containing sedimentary fine sizes (Table 1 ). The Tidal flats extend along both sides of the main channel, but only those in the western area are active (left bank of the main channel) with a surface area of 22.53 ha. The other area is wider (47.54 ha), including an old abandoned main channel and other tidal flats; the region has been partially reclaimed, but is dynamically isolated (Fig.  3) . The morpho-sedimentary units are: main channel, mud flats, marshes, tidal creeks and tidal ponds.
The main estuarine channel switches to the eastern margin in this zone from the Bay, leaving the most active units on the western side. Its dominant sediment is composed by well One of the peculiarities of the estuary is the presence of the estuarine beach (El Sable barrier) (Figs. 3 and 4D ), formed by sand sheets and some foredunes with a smoothed crest (NW-SE). The foredunes are oblique to the water line and spaced between 15 and 20 m, following a northwestward progradation. In the southern area of the barrier, a small spit develops with active embryonic dunes. Until 2010's, this spit was perpendicular to the estuary axis, but at present, both are nearly parallel. The logical position of sandy barriers (spits) should be in the mouth, however, this barrier is located in the eastern margin of the inner bay, because the typical position of these type of spits (mouth) is very narrow whereas the innermost zone of the Bay is wider, allowing the development of the barrier. sorted medium sand with high carbonate contents up to 10%. (Table 1) , the bedforms in this environment could not be observed because their subtidal character. The muddy tidal flats occupy the largest area. However, the mud flats are composed of moderately sorted coarse silt with the highest carbonate contents (near 19%), extending both sides of the main and tidal creeks while occupying narrow and irregular belts. Essentially, three types of vegetated flats can be distinguished relative to the dominant species (Loriente, 1987) , and their increases in height have been mapped: the mud flats in the northern area are colonised by Zostera noltii, adopting a subrectangular surface along N-S direction; Spartina maritima and Halimione portulacoides marshes (Figs. 3 and 4F ) are restricted to the SW edge with a rec- gation of these inner-generated waves depend mainly on the fetch and the relative movement between winds and tidally displaced water bodies.
River discharge
The Nansa River, 46 km long, is born in the northern watershed of the Cantabrian Range, draining a hydrographic surface area of 429.50 km 2 . Several dams and artificial channels were constructed after 1950: the upper dam of La Cohilla and the lower dam of Palombera have capacities of 12.33 and nearly 2.0 hm /s, respectively), whereas the lowest monthly averages are associated with the dry season or anticyclonic conditions (July and August) when the average monthly flow is 1.8 m 3 /s. The data obtained from Comisaría de Aguas del norte de España (Ministerio de Fomento) over several periods (1940-41 to 1982-83; 1970-71 to 1994-95; 1998-99 to 2010-2011) have been used to calculate the fluvial runoff at the upper tidal limit of the estuary (Table 3) .
Tidal propagation
The astronomical tide on the Cantabrian coast has a semidiurnal character and moves from W to E, with a lag of several minutes and increasing in height several centimetres. On this coast, tidal ranges vary from 1.00 m during neap tides to 4.65 m during spring tides, but mesotidal ranges (2.0-4.0 m) are more frequent (about 68.3% of tides) with an average range of about 2.47 m (2010 tide gauge at the Gijón Port), This region can be defined as "low mesotidal" during neap tides and "high mesotidal" during spring tides. The M2 harmonic component has the largest amplitude in the Cantabrian Sea (González et al., 2004) . 
Upper channel (fluvial estuary)
The main channel is the most energetic unit represented in the inner estuary, joining the Nansa River 2,225 m upstream. This channel is relatively sinuous, but there are long straight segments in the inner section. Several welded braided bars and minor channels were developed in this sector. These bars are constituted of a base of poorly sorted gravels (composed of quartzite and sandstone rounded pebbles) covered with siliciclastic coarse-medium sand and muddy layers ( Table  1 ). The bars are partially colonised by Enteromorpha sp. Upstream, the beds are characterised by relatively flat beds and longitudinal gravel bars, however, sometimes have ebb spill-over geometries (Fig. 3) while overstepping their own sediments. In some places, the channel flows directly over the rocky substrate.
The fluvio-tidal flats are narrow surfaces in their outer portion, while remaining broader in the inner estuary (eastern margin). The flats are only active during spring high tides and flood river discharges. Some old longitudinal bars, which most likely originated as laterally migrating point-bars, and a rivertidal creek, are now part of the flats (Fig. 3) . Major river floods can deposit gravel and sand sheets on the inactive plains.
Hydrodynamics
Incoming waves
In the Cantabrian Sea, waves from the fourth quadrant dominate; the largest originate from N60 0 W-N20 0 W. Waves from N20 0 W to N15 0 E are also important during under anticyclonic conditions. In this coastal region, most swell or wind waves come from the NW (25%), with 77% emanating from 270-360ºN (González et al., 2004) . The significant wave height is below 2.0 m (39.9%) with periods that usually vary between 8 and 12 seconds, as described by Castaign (1981) ; the sea waves are the most frequent. The periods are similar throughout the Cantabrian Sea but the wave heights are slightly lower on the eastern side (Ortiz Berenguer et al., 2004) . The average significant wave height is 1.0 m and the average for stormy days is approximately 4.0 m.
The extreme waves recorded offshore at the Port of Gijón (MOPT, 1992), El Musel (central Asturian coastal area), with height parameters (H s ) increasing from 7.3 m for 10 years, to 9.5 m for 500 years, and even more when the heights are Hs-90%. Based on the WANA point 1062074 (Puertos del Estado) from 2000 to 2012, the dominant waves are from NW, and to a lesser extent, the first quadrant, N and NE (Fig. 5A) .
In this case, the waves coming from the sea only affect the outer mouth, but waves generated into the bay, can affect the inner environments. The dimensions and direction of propa- The time-height curves were obtained from several tidal measurement stations in 2011 (Fig. 5B) during a spring tide. This tide was selected because the currents are stronger and easily recognisable. The tidal range calculated for this date was 3.09 m but the open coastal tidal range was 3.29 m. The tides propagate from the open sea to the inner estuarine limit and tend to be depressed once inside the estuary due to the joint effects of the narrow mouth inlet, bottom friction and river flow. Therefore, the wave geometry gradually becomes increasingly irregular and asymmetric, decreasing the upstream range. Moreover, there is a delay from the mouth to the inner estuarine limit of approximately 45 minutes. According to the classification of Le Floch (1961) , the Tina Menor estuary can be considered as hyposynchronous because the tidal wave encounters friction along the bottom as well as an adaptation processes to the varying margins, decreasing and dissipating the wave (and its range) upstream. Subsequently, the wave geometry is then relatively constant with the appropriate asymmetry throughout the estuary. The tide dissipates about 5 km from the mouth, in conditions of spring tides and low fluvial runoffs.
Salinity cycles
The recorded salinity of the water column during a tidal cycle exhibits a vertically homogeneous saline structure in the mouth (Fig. 6) . Therefore, including the surface salinities distribution is useful when deducing the water mixture trends related to the main ebb and flow currents (Fig. 7) . In the vertical profiles, the records indicate less saline water during the half rising tide (Figs. 6 and 7A) than during high tide (Figs. 6 and 7B), decreasing again when the tide is falling (Figs. 6  and 7C) ; furthermore, the measured records are lower during low tide, only in the main channel.
The half rising tide is characterised by saline waters intruding from the open sea along the western outer area (Fig. 7A) , adjusting to both margins of the main channel. Upstream, where the incoming water column is still minimal (Fig. 6) , the flow is restricted to the main channel.
During high tides (Fig. 7B) , the Tidal flat and Upper channel areas are dominated by salt wedge conditions and fresh water is retained upstream by the tidal flood. The outer belt exhibits a saline vertical record in the western margin (seawater) and a salt wedge in central and eastern areas due to the extrusion of mixed waters. The Bay and Mouth complex are better represented by a vertically homogenous saline structure (Fig. 6) . When the tide falls, almost all of the water salinity data assume a vertically homogeneous structure, which is more saline to the western side of the Mouth complex and slightly fresher on the same bank in the inner estuary. At low tide, the fresh and slightly fresh waters migrate to the mouth, evolving upstream to a mainly salt-wedge estuary in the channels. At this point, the water mixing behaviour is more complex, including phases and sites with partial mixing (Figs. 6 and 7C ).
Using Simmons (1955) criteria, the minimum runoff with all tides conditions reproduces a vertically homogeneus mixed type estuary, however, maximun runoff and neap-av- Table 4 . Relationships between tidal prism (saline) and river discharge (fresh water), in relation with the water volumes. Q=N (value, according Simmons (1955) .
erage tides represent a salt wedge estuary and partially mixed type for average conditions (Table 4) . 
Tidal current distribution
The current velocity was recorded simultaneously with salinity in the water column during a tidal cycle. In a general currents have a significant effect in the inner inlet and in a sector situated just to the south of the Tidal flats.
When marine waters begin to penetrate during the rising tides, the strongest current occur in the inlet, through the external flood tidal-delta and the spill-over lobe (Fig. 8B) . During these periods, a surficial fresh and mixed water plume flows toward the eastern margin. Once overcome the rocky confinement, the main channel is forced to change from the eastern to western side. Simultaneously, the marine waters intrude into the main channel, but in the outer Bay, a persistent strong flow current is diverted to the SE corner by the internal flood tidal-delta. In the southern Bay area, this current meets the opposite inertial ebb current of the mixed waters from the way, we can observe that the values of velocity are higher during the flood ebb than during the flood, in the inner system, whereas in the flood tidal deltas and spill-over lobes (Bay and Mouth complex) the dominant current is the flood. The maximum ebb current are registered along different sectors the main estuarine channel where the maximum current is about 1.5 m/s (Table 5) . It is also in this environment where the asymmetry of the flows is higher, increasing to the innermost tracks. In the mouth complex, a wider section of the channel induces a decreasing velocity during the ebb.
A simple circulation model is suggested, taking into consideration the direction and velocity of currents (Fig. 8) . Based on the recorded data, the flow velocities are grouped into three relative categories: strong (≥1.0 m/s), moderate (0.5-1.0 m/s) and weak currents (≤0.5 m/s). Furthermore, the bottom currents have been included applying the same categories. However, some velocity records exceed 1.50 m/s, especially in the inner inlet during the half rising tide and during relatively long time intervals in the half falling tides; there is also a nearby fluvial influence.
During low tides, the mixed waters (mainly fluvial) flow through the main channel and tidal creeks, which function now as tributary channels, with a unidirectional ebb. That is characteristic of a dynamic fluvial model (Fig. 8A) ; the flow occurs primarily in the inner estuary where the fluvial influence is strong, that increases during low tides. The most intense currents are generally detected in the main channel and where the tributaries join the main channel. In addition, the Table 5 . Maximum tidal currents (ebb and flood) measured at the different estuarine morpho-sedimentary units.
Hydrodynamic controls of sedimentation: a morphosedimentary conceptual model
The dynamics of rock-bounded estuaries have been previously described almost exclusively in high latitude regions, i.e. in British Columbia (Milliman, 1980) , Oregon (Boggs and Jones, 1976), New England (FitzGerald et al., 2002) or Kennebec (Fenster et al., 2001) but there are also some studies regarding Iberian Peninsula estuaries, i.e. Douro (Portela, 2008) and Guadiana (Garel et al., 2009 , Morales et al., 2014 . The tidal and fluvial currents are the more energetic dynamic agents, sharply conditioned in this estuary by the outer geometry of the former rocky valley. Specifically, the narrow rocky confinement and sinuous trace of the mouth and outer Bay are the major factors that control the dynamics and the distribution of the sedimentary and morphological units in the Mouth complex and Bay. The sedimentary transport and sediinner estuary that are extruded from the main channel. For this reason, the half rising tide represents the most important moment for forming the bay structures (Fig. 8B) .
During high tides, likewise, stronger currents are recorded on the western bank of the main channel. Moderate currents flow along the eastern side of the Bay to the mouth and the sweeping Tidal flats to the inner estuary (Fig. 8C) . A cell of counter-clockwise rotation is registered throughout the estuary and is very evident in the mouth and the bay. The rotation is lower in the main channel of the inner estuary.
During the half falling tide, the mixed waters are extruded from the main channel and into the northern area of the Bay through the eastern and central areas. Outside of the estuary mouth, the currents tend to be conducted to the exposed beach through the inlet (Fig. 8D) . Anticlockwise rotation only forms in the Mouth and the outer part of the Bay and the remaining areas present only unidirectional ebb currents. toward the inlet on the western side. The action of waves in the front of the exposed beach are reflected in the presence of symmetric straight-crested ripples in the front of the beach. Clearly the main channel is a permanent dynamic and morpho-sedimentary unit. This outer estuarine segment is included in the Mouth complex and Bay and is characterised by the morphological control of the old incised valley. The flood currents are normally higher than the ebb ones, so the most efficient hydrodynamic track is located near the western bank according with the situation more favourable for the ebbing flows. However, the channel may occasionally migrate to the eastern bank after a strong river flood, but this situation is always temporary, lasting only until the channel migrates again gradually to the western bank once the normal river flow is restored. From a sedimentological point of view this environment is constituted by well sorted fine sands. No bedforms were observed in the main channel, but according with the present grain size and tidal current velocities represented in a diagram of Harms et al. (1975) , dunes 3D would ment distribution vary with the tidal cycle, and over a larger timescale, depending on the seasonality of fluvial discharges, eustatic variations and anthropic interventions.
Salinity, velocity and currents direction data can be understood through a simple morpho-dynamic conceptual model (Fig. 9) . That allows the establishment of correlations between surficial sedimentary distribution and water circulation. Three main areas are identified where marine and fluvial influences are prevailing (Fig. 9) , which from the estuarine mouth to the head are summarised in the following sections.
Dynamics on the marine estuary (mouth complex and bay): tides and waves
Tides and their associated ebb and flow currents are the most important dynamic agents in the outer estuary. In the outer inlet, a deep scour forms to replace the mouth bar where the strong ebb currents are dissipated. In addition, the wave action on the exposed beach generates longitudinal currents ing the maximum ebb and antidunes during the maximum flood, both corresponding with a higher flow regime than the indicated by the observed bedforms. This disagreement would be explained from a hydrodynamic point of view if the maximum current do not act during enough time to get the stable forms. So, during the maximum energy peaks, the extreme currents only rework the crests of bedforms developed under lower flow regimes. The tidal flood, diverted to the SE corner by internal floodtidal delta results in a sedimentary drift supplying sediment to develop the inner barrier; the shape of this barrier has accreted gradually to the S. In addition to the tidal action, the dominant NW winds generate small waves into the estuary during high tides, activating both the gravelly and sandy estuarine beaches. Consequently, these local waves also modify the direction and velocity of the tidal currents.
Dynamics on the inner estuary (tidal flats and main channel): tides and fluvial discharges
The sediment-transport patterns observed in this sector of the estuary are mainly controlled by tidal currents and are seasonally reinforced by the riverine flow in a similar way as the Kennebec estuary (Fenster et al., 2001) . The main direction of the observed bedforms and the measured tidal currents show an ebb-dominated tidal regime, with patterns of net bedload transport towards the mouth. On the contrary, the most singular circulation patterns occur during some moments of the flood period, when anticlockwise spins have been observed (High tide. Fig. 8C ). According with several authors in other similar estuaries these gyres can be interpreted as a result of the Coriolis effect (Heniche et al., 2000; Friedrichs and Hamrick, 1996; Valle-Levinson et al., 2000; Huijts et al., 2011) .
In addition, the intrusion of marine waters during rising tides induces the presence of a salt wedge and a turbidity maximum that enter into the estuary to be finally located on the inner tidal flats. In this area, the main channel maintains the salt wedge in an outer position, because is the environment with higher ebb-currents, whereas on the muddy tidal flats the saline waters penetrate until innermost areas. It is just in the muddy tidal flats where the mixing waters are responsible of an intense flocculation process that generates the muddy particles finally deposited on the flats.
A special dynamic situation occurs during extreme fluvial floods. These discharges act predominantly on the active Tidal flats located on the western side where normally the energy level is low. The events of river discharges occur through the main channel after the human reclamation of the eastern Tidal flats. From a sedimentological point of view, in this estuarine segment, the tidal influence might be the flooding of these broad areas; the mud settles during high tides. However, the activity best represented by the main channel is the supply of sands and gravels during river floods.
be developed under flood conditions whereas it would turns upper plane bed during ebb conditions (Fig. 10) . That occurs similarly in some Irish estuaries (Cooper, 2006) , the Mersey estuary (Blott et al., 2006) and other Atlantic estuaries, but in this case, the waves are refracted in the rocks located in the western estuarine mouth, generating a longshore current to the E toward the Bay.
Into the Bay, most dynamic activity occurs during the flood tidal currents, which are clearly stronger than the ebb in all the intertidal environments. Only the main estuarine channel maintains the dominance of ebb currents. During flood conditions, the flood-tidal deltas with several attached spill-over lobes are activated. Some of these lobes are oriented upstream, while a drift current flows SE due to the rocky outcrops to the W that change the direction of the current in the inner estuarine valley. These persistent currents, moves along a strip on the eastern margin of the Bay and this current is the responsible of the inner barrier morphology. These flood tidal deltas and lobes are also formed by well sorted fine sand and flood oriented medium 2D and 3D dunes have been observed. Nevertheless, the expected bedforms according the hydro-sedimentary characteristics of the environment (Harms et al., 1975, diagram) would be plane bed dur- the maximum ebb and flood velocities measured during the studied tide and represented in the diagram of Harms et al. (1975) . and Pritchard, 1963) . The narrow rocky mouth of this estuary is bounded by Palaeozoic quartzite and limestone outcrops that control the distribution of the confining barrier, submerged during high waters. On the other hand, the currents and sediment input in the major sandy areas and the Nansa River discharges also provide a strong influence in the general behaviour of the estuary. Indirectly, the characteristics of the estuarine mouth geometry are highly important; therefore, in a morpho-sedimentary context, the micro and mesotidal estuaries are commonly confined by barriers (Hayes, 1975) . The difference of this estuary with other mesotidal estuaries is the great bounded valley with a sedimentation rates inside of 0.1-0.8 cm yr -1 (Alonso González, 2015) , leading to clearly developed sandy bed morphologies. In many estuaries, the transition from a morphosedimentary unit to another is normally not as clear, but in this case, the structures are linked one after the other according with the dominant process and can be clearly mapped. This allows a division of the estuary into four distinct zones, gradually passing from the inner estuary mouth to the river influence in the inner zone of the estuary: Mouth complex, Bay, Tidal flats and Upper channel. Most Atlantic estuaries have four differentiated zones, in contrast to others authors who propose three zones, such as Dionne (1963) and Bird (1967) ; according to tidal and salinity characteristics, Wright (1977) , Nichols and Biggs (1985) and finally Allen (1991) distinguish between three areas morphologically similar to the four proposed in this paper. The cause for this difference is the partial state of infilling of these estuaries, where the innermost part of the central basin present the characteristics of a more advanced infilling whereas the in the outer part the stage of infilling is lower.
Based on this zonation and the morphology, the narrowing of the rocky mouth governs the unique dynamics and distributions of the main morpho-sedimentary units in the external area. The drift currents from the incoming waves transport sediments in a south westerly direction, creating the incipient barrier after breaking down the two-layered flow during the spring and neap tides (Chawla et al., 2008) , as well as during the same tidal cycle with less saline ebb current surface and marine current flows. In this case, the barrier is poorly developed and is anchored on the eastern side due to the dominant incoming waves from the NW. Other difference is the absence of a clear ebb-tidal delta as a result of the progradation of the lower estuary. This is the case of other wave-dominated systems like the Senne estuary (Lesourd et al., 2001; Waeles et al., 2007) . In our case, only a narrow frontal ebb-lobe is developed showing the dominance of the waves in this sectorThe dynamics in the Bay are characterised by the presence of various sandy flood-tidal deltas and spill-over lobes with varying geometries. In Tina Menor multi-lobate flood-tidal deltas are generated due to the rocky narrowing of the mouth, replacing the spit. In this case the tidal energy is dissipated to enter the estuary and inhibits the formation of a wide floodtidal delta, similar to other mesotidal Cantabrian estuaries, such as Foz (Díez et al., 2006) , Eo (Flor et al., 1992) , and
Dynamics on the fluvial estuary: fluvial discharges and tides
Mainly in the Upper channel zone, the fluvial discharges are the most important dynamics, generating flat gravel beds, as well as emerged and submerged ebb bars. Therefore, the fluvial influence is evident, although there is a degree of localised remobilisation during the incoming tides because the volume of water stored until high tide is greater than that of the river flow, generating intense ebb currents. These strong currents are more apparent in this inner zone, nevertheless the remaining zones receive minor adjustments under low and average flow fluvial regimes. The tidal influence is also present in this sector of the estuarine channel during low discharge periods, but with a very high tidal asymmetry. Whereas the flood tidal currents do not get the treshold to move the dominant sediment, the ebb ones can transport the available sediment (poor or moderately poor very coarse sands) in an upper plane bed configuration.
Discussion and Conclusions
This paper details the study of all of the morphological (confinement) and dynamic factors (waves, tides and river discharge) that exist in the estuary, allowing for the proposal of a dynamic conceptual model for other rock bounded estuaries.
According to Ryan et al. (2003) and Dalrymple et al. (1992) criteria, Cantabrian estuaries would be wave-dominated estuaries (WDE) from morphological and dynamic points of view. For these authors, waves are important and generate a confining barrier in the marine estuary, whereas in other estuarine zones, tidal currents and fluvial discharges are the most important dynamic agents. Nevertheless, with the present data, we cannot asseverate that Tina Menor is a wave-dominated estuary. Large cores and a facies model will be necessary to demonstrate this fact. Despite this general classification by Ryan et al. (2003) , the Tina Menor estuary may have a barrier estuary morphology (Sloss et al., 2006) , or may be a drowned valley barred estuary (Copper, 2006) , however, a proper barrier has not developed, only a beach as a continuity of the flood-delta tidal ramp. The mouth of the estuary is confined by bedrock headlands, which results in strong tidal and wave induced currents leading to poor barrier development. In this case, the presence of a real barrier is not essential for developing this kind of estuaries when another morphological element (such as rocks) is available to limit wave action in the estuary, creating a tidal and fluvial dominated estuary similar to the morphogenetic classification proposed by Perillo (1995) . Therefore, these estuaries are rock-bounded estuaries or incised valleys according to Posamentier and Vail (1988) .
In this case, Tina Menor is a narrow mesotidal partially infilled estuary, similar to most of the Cantabrian estuaries; it is hyposynchronous and predominantly of partially mixed type, according to the stratification and characteristics of the salinity distributions (Pritchard, 1955; Simmons, 1955 ; Cameron the theoretical models, and to preserve the ecology present therein and in similar estuaries.
San Vicente de la Barquera . The currents through the sinuous valley geometry and the internal flood-tidal delta distribute sediments and flow toward the inner estuary mainly during rising tide, strongly influenced by the western outcrop (Figs. 4 and 9) . The presence of this outcrop trigger the movement of the channel water and sands toward the southeastern side, promoting the construction of the inner barrier (El Sable). The reason for the development of an inner barrier (estuarine beach) is the accumulation here of the excess of sediment coming from the inner flood tidal-delta. The sand is transported by local waves to the bar, across the flat, during the spring high tides. The absence of a real barrier in the mouth also facilitates the entrance of refracted waves into the estuary during high tides. In this sector, the main channel is located in the western area until it meets the Tidal flats; at this point, the opposing currents entering the mouth and the ebb currents and the river discharge force this channel over to the eastern side of the Bay, joining it with the Upper channel.
Along the tidal cycle, a general levorotatory circulation acts throughout the estuary, the current flows along the left side, however the ebb current flows along the right. This circulation behaviour is detected at high tide in the upper channel limit and the marshes and only at the mouth at low tide. The exception occurs during the half rising tide, when the flowing currents are diverted toward the eastern side. This effect is interpreted as a result of a deflection of the flow current along the central southeast direction due to the western rocky outcrop and because the ebb current in the east is moderate or residual. Within rock-bounded estuaries with the same features, the Coriolis effect in the surface layer has also been observed in several studies in the Iberian Peninsula: in the Arosa Ria estuary (Roson et al., 1997) , in the mouth of the Tinto and Odiel estuary in Huelva (Ojeda et al., 1995) and in the outer mouth of the Eo estuary (Piedracoba, 2005) . This effect has also been observed in larger macrotidal estuaries in Australia (Ryan et al., 2003) and in the Yangtze estuary (Li et al., 2011) .
In the innermost sectors, the maximum salinity is reached during high tides, revealing the process of the intruding saline waters. These processes of mixing water generate a flocculation process responsible of the turbidity maximum and the deposition of mud particles on the muddy tidal flats. The presence of these inner muddy tidal flat demonstrates that the estuary is in and advanced phase of its ephemeral geological life cycle. In his case, aggradation processes dominated the inner system from the head of the embayment to the mouth (Duck et al., 1995) .
Generally, estuaries are ecological valuable areas and the Tina Menor is one of the most natural examples for this type of ecosystem, barely disturbed by human activities. Consequently, the morphodynamic knowledge and the behaviour of the estuary is very important for its future management and morphology effects by sea level changes; for validating
